ABSTRACT: This paper reports on a first attempt of using the virtual velocity approach to assess sediment mobility and transport in two wide and complex gravel-bed rivers of northern Italy. Displacement length and virtual velocity of spray-painted tracers were measured in the field. Also, the thickness of the sediment active layer during floods was measured using scour chains and postflood morphological changes as documented by repeated survey of channel cross-sections. The effects of eight and seven floods were studied on the Tagliamento and Brenta Rivers, where 259 and 277 spray-painted areas were surveyed, respectively. In the Tagliamento River 36% of the spray-painted areas experienced partial transport, whereas in the Brenta River this accounted for 20%. Whereas, full removal/gravel deposition was observed on 37% and 26% of these areas on the Tagliamento and Brenta Rivers, respectively. The mean displacement length of particles, the thickness of the active layer and the extent of partial transport are well correlated with the dimensionless shear stress. The virtual velocity approach allowed calculation of bed material transport over a wide range of flood magnitudes. Annual coarse sediment transport was calculated up to 150 for the Tagliamento, and 30 × 10 3 m 3 yr À1 for the Brenta. The outcomes of this work highlight the relevance of partial transport condition, as it could represent more than 70% of the total bed material transported during low-magnitude floods, and up to 40% for near-bankfull events. Results confirm that bed material load tends to be overestimated by traditional formulas.
Introduction
Bedload transport is one of the key drivers of river morphodynamics, thus proper and reliable estimations of this variable are needed by engineers, river ecologists, geomorphologists, and land-use planners. Bedload transport is commonly monitored using portable traps (e.g. Emmett, 1980; Bunte et al., 2004 Bunte et al., , 2007 , but their use during flood events is potentially dangerous, and the results are biased by sources of errors and uncertainties (Vericat et al., 2006a; Bunte et al., 2008) . To overcome these issues, indirect methods involving the use of vibration or sound generated by the impact of coarse particles on a plate or pipe (geophones, e.g. Rickenmann and McArdell, 2007; Rickenmann et al., 2012) , or sound registered within the water column (hydrophones, e.g. Thorne and Hanes, 2002; Belleudy et al., 2010) have been recently tested and successfully applied (Rickenmann et al., 2014) , even if they usually need to be calibrated with bedload data obtained via direct methods. Also, acoustic profilers have been effectively deployed (e.g. Rennie and Church, 2010) , but need to be operated in the field during bedload-transporting events.
Advanced monitoring techniques are feasible in relatively small streams, but applications in wide gravel-bed rivers are rare. Experimental installations in the Drau River in Carinthia (Habersack et al., 2010; Rickenmann et al., 2014) and the Elwha River in Washington (Hilldale et al., 2014) , which are a few tens of metres wide are exceptions. In wide gravel-bed rivers, bed material rates can be estimated using the morphological method (Lane et al., 1995; Ashmore and Church, 1998; McLean and Church, 1999) . The method has provided reasonably robust estimates of the time-and space-averaged bedload (Hicks and Gomez, 2003; Kasprak et al., 2015) but requires specification of bedload transport at a reference section, which is feasible only in some cases (e.g. downstream of a dam or at gravel-sand transitions). Also, the morphological method tends to perform better in long-term assessments or for high magnitude events that cause notable morphological changes.
A viable alternative for assessing bed material transport rates in wide gravel-bed rivers is provided by the virtual velocity approach. The method involves the estimation of the virtual velocity of particle movement (V b , in m h À1 ), the thickness of the active layer of the streambed (d s , in metres), the active width of the streambed (W b , in metres), and the porosity (p) and density of the bed material (ρ s , in kg m À3 ), for calculating the mass rate of transport of bed material, G b (in kg h À1 ):
virtual velocity is less than the actual velocity during particle movements. Haschenburger and Church (1998) used this method for assessing bed material load transport in Carnation Creek, a 10-15 m wide gravel-bed river in British Columbia. They measured the displacement length of magnetically tagged particles and the thickness of active sediment layers by using tracers and scour chains. These data enabled assessment of the relationships of virtual velocity, active depth, and active channel width with the flow strength, expressed in terms of stream power associated with the peak of monitored flood events. This finally led to a relation between transport rate and stream power (Haschenburger and Church, 1998) . A similar approach was applied by Liebault and Laronne (2008) in a small gravel-bed river in France (Esconavette Torrent), and provided reasonable values of bed material load rates when compared with cumulative yield measured in a bedload trap. The virtual velocity approach as applied by Haschenburger and Church (1998) and Liebault and Laronne (2008) cannot provide an estimation of fractional bed material load transport, and cannot distinguish between transport rates generated under partial and full mobility transport conditions. This issue can be overcome by using the framework developed by Wilcock (1997) , who developed a theoretical framework for applying the virtual velocity approach by allowing the calculations of fractional sediment transport components, and distinguishing between partial and full mobility transport conditions. Wilcock (1997) refers explicitly to the mass and size distribution of sediment entrained in a certain unit area of the channel bed. Partial transport is the condition in which only a portion of the surface grains of a certain size are mobilized over the duration of a given transport event, while the full mobility condition refers to the condition in which all surface grains of a certain size are entrained during the transport event. This is how Wilcock and McArdell (1997) first defined partial and full mobility transport condition at the scale of a certain portion of the bed. The unit mass fractional transport rate (q i , in kg m À1 s À1 ) is a function of both the virtual velocity of the i-size sediments (V i , in m s À1 ), and the mass of sediments of the i-size entrained from a certain surface area over a certain time (M i , in kg m À2 ):
Depending only on the flow strength as opposed to the duration of the transporting event, the virtual velocity of sediments should range around a constant mean for steady-state transport conditions (Wilcock, 1997) . The mass of sediments entrained from the bed surface should also be independent of the duration of the transporting event for steady-state transport, and its value depends on the sediment transport conditions. If sediment entrainment occurs only from the bed surface (i.e. partial transport conditions), M i is given by:
where m i is the mass of an individual grain of fraction i (in kilograms), F i is the proportion of fraction i in the surface grain size distribution, D i is the diameter of fraction i (in metres), and Y i is the percentage of surface grains of the fraction i that are entrained during the transport event. Wilcock (1997) calculated the mass of a grain of fraction i using the spherical approximation as m i = ((π/6)ρ s D i ). As stated by Wilcock (1997) , Equation 3 would underestimate fractional entrainment at flows larger than those causing full surface mobilization of a certain fraction, because subsurface grains of that size could also be entrained. For this reason, at flow strengths higher than those that produce partial transport for a certain size, Equation 3 changes as follows:
where Y i disappears as it would be equal to one, and d s is the exchange depth of sediments, or the thickness of the active sediment layer (in metres). Wilcock's (1997) approach has the advantage of discriminating between partial and full transport conditions at the scale of unit area, thus separating conditions in which only the surface or subsurface sediments of each grain size are entrained. However, as suggested by Haschenburger and Wilcock (2003) , partial transport could also be considered relative to the entire channel bed, indicating the active portion of all grains on the bed surface. Haschenburger and Wilcock (2003) demonstrated that the percentage of channel bed experiencing partial and full transport conditions depends on flow strength. At increasing discharges, areas of the bed under partial transport conditions increase as inactive areas decrease, and then areas under full transport conditions increase as areas under partial transport conditions decrease. Haschenburger and Wilcock (2003) showed that in the Carnation Creek approximately 25-50% of the bed experienced partial transport during a two-year recurrence interval flood, whereas nearly the whole cross-sections experienced full transport conditions during a seven-year recurrence interval flood. These observations highlight the importance of considering partial transport conditions during moderate but frequent flood events.
The objective of this work was to estimate bed material load transport in two wide and complex gravel-bed rivers of the eastern Italian Alps using the virtual velocity approach. We measured the displacement length and virtual velocity of particles entrained from spray painted areas, and the thickness of the active layer using scour chains and morphological changes on the study cross-sections. We used an approach similar to Haschenburger and Wilcock (2003) to examine the extent of partial transport and full mobility conditions in all morphological units within the active width of the two gravelbed rivers. We then applied the Wilcock (1997) approach for assessing sediment transport rates, distinguishing the relative contribution of partial and full mobility transport conditions for a relatively wide range of discharges. The virtual velocity approach of Wilcock (1997) has never been tested in wide gravel-bed rivers, and it could represent a viable alternative to direct sampling during floods. This approach also has the capability of capturing the high spatial and temporal variability that characterizes sediment transport in wide gravel-bed rivers.
Materials and Methods

Study sites and analysed flood events
The study was carried out in two gravel-bed rivers draining from the eastern Italian Alps to the Adriatic Sea, the Tagliamento and Brenta Rivers (Figure 1 ). The Tagliamento River is located in the south-eastern Italian Alps. Its drainage basin covers 2871 km 2 , and in its piedmont reach the river features a braided pattern with very active island formation/erosion dynamics and ecological values (e.g. Tockner et al., 2003; Bertoldi et al., 2010; Surian et al., 2009; Ziliani and Surian, 2012) . The reach selected for this study is located near the village of Cornino (Figure 2) , and corresponds approximately with the Cornino reach as identified by Bertoldi et al. (2010) . It is a very dynamic braided system with sparse patches of shrubby vegetation: bankfull width is up to 1 km wide; slope is 0.0034 m m À1 ; and the median grain size (D 50 ) is approximately 25 mm.
The Brenta River drains an area of 1567 km 2 . In its middle course in the piedmont area, the Brenta River features patterns ranging from braided to wandering (Surian and Cisotto, 2007 ; Moretto et al., 2014) . Three reaches of the Brenta River were considered in this study: Nove, Friola, and Fontaniva, named after the villages nearby (Figure 2 ). The Nove reach is immediately downstream of the mountain area, and features a fairly coarse and straight channel and narrow alluvial plain (slope = 0.0039 m m
À1
; D 50 = 37 mm; bankfull width = 390 m). The Friola reach is approximately 5 km downstream, where the river has an island braided pattern, and is influenced by bridges and rip-rap (slope = 0.0026 m m À1 ; D 50 = 35 mm; bankfull width = 272 m). In its far lower reach, called Fontaniva, the river exhibits a wandering pattern with higher sinuosity and extensive riparian vegetation on floodplain (slope = 0.0031 m m
; D 50 = 31 mm; bankfull width = 316 m). During the study period (June 2010-July 2011), the Tagliamento and Brenta Rivers experienced several flood events of different magnitude including near-bankfull events in November-December 2010 on both rivers (Figure 3 ). Discharge data recorded at the Barzizza gauging station, located 5 km upstream of the Nove reach, are available for the Brenta River. The station registered 11 events with discharge higher than 100 m 3 s À1 during the study period. For the Tagliamento River, only flow stage measurements are available from the nearest gauging station (Villuzza), located 8 km downstream of the study reach. During the study period, 13 flood events with water stage higher than 1 m were registered. Post-flood surveys (conducted as soon as possible after the events) are available for eight and seven events in the Tagliamento and Brenta Rivers, respectively (Table I) .
Estimate of sediment transport by virtual velocity approach
Grain size measurement and painting of selected sites Three cross-sections were identified on the Tagliamento River (Cornino reach), and two cross-sections were established on each reach of the Brenta River (Figure 2 ). Cross-sections were surveyed in June 2010 using a differential global positioning system (dGPS), with a maximum vertical error of 0.03 m. All changes of slope along the sections were measured, with an average point density of one point per 3 m of channel width. Along the cross-sections, a number of sites were selected as being representative of all morphological units apart from the main wet channel and islands (i.e. low bars, high bars, and secondary channels), and for being homogeneous (i.e. lack of large wood accumulation, local scour, lack of sand deposition over gravel, and dense herbaceous vegetation nearby). Low bars were considered areas with coarse bed material, low fine material, and absence of densely established herbaceous vegetation; high bars were considered areas with significant proportion of fine material in the surface, well-established herbaceous vegetation or sparse shrub cover; and secondary channels were identified as low areas of the cross-sections coincident with an obvious preferential flow path. No sites were selected on the floodplains or islands. The selected sites ranged from 10 to 20, and from 8 to 16 per each cross-section in the Tagliamento and the Brenta Rivers, respectively. At those sites, the global positioning system (GPS) position and vertical digital photographs of the bed surface were taken. A wooden square with protruding metal wires was used to precisely define an area of 0.8 m × 0.8 m (Figure 4 ). The photographs, collected using a 16 Mpixels camera, were processed with the Digital Gravelometer software (Graham et al., 2005 (Graham et al., , 2010 in order to derive the surface grain size distribution of each site, with a lower truncation of 4 mm. In the same Tagliamento River, previous applications of the photographic method assessed errors to be around 10% for the D 50 , due to inclination of individual grains relative to the plane of the image, partial hiding of grains, and image-processing errors (Mao and Surian, 2010) . After the photographs were taken, the surface of the photographed area was painted using a fast-drying spray paint to avoid percolation. Wooden wings hinged inside the square frame masked the surrounding bed surface and facilitated painting of the exact area that had been photographed (Figure 4 ). Assessment of sediment mobility and measurement of sediment travel distance All the painted areas were visited after all major flood events (i.e. with evidence of sediment transport on some portions of the channel; i.e. nine in the Tagliamento River and eight in the Brenta River, see Table I ) during the study period (June 2010-July 2011). At each visit, the painted sites were photographed again, and all the painted particles moved by the floods and visible downstream of the coloured areas were collected. Their size and the distance travelled from the centre of the painted site were measured using a calliper and a tape, respectively. Similarly to Mao and Surian (2010) , a range of effects of the flow on the painted areas was recognized. The coloured area could have remained unaffected by the flow or could have suffered only deposition of sand above the coloured gravel (Figure 5a) . A further effect of partial transport [intended here sensu Haschenburger and Wilcock (2003) ] was identified when some surface-painted particles (irrespective of their diameter) moved whereas other particles remained immobile in the painted area and did not experience noticeable erosion/deposition during the flood event (Figure 5b ). If no coloured particles were found where the area was spray painted in the previous visit, field evidence of incision (i.e. full removal of the coloured particles, Figure 5c ) or deposition (i.e. sedimentation over the coloured Note: H max is the water stage at the peak of the flood, Q max is the water discharge at the peak of the flood, ER is the effective runoff for each single event calculated as the hydrograph volume above the base-flow of the previous day, and RI is the recurrence interval of the peak flow. Because only flow stage measurements are available for the Tagliamento River, the effective runoff represents the integrated area of the hydrograph, and not the actual discharge volume. Figure 5d ) was observed, and was named full removal/gravel deposition as in Mao and Surian (2010) . Precise values of erosion/deposition thickness over the coloured areas were calculated by comparing pre-and post-cross-sections, which were resurveyed at each field visit. The patches were repainted after each visit with a different colour in order to distinguish sediments moved by earlier floods.
Estimate of sediment active layer The thickness of erosion/deposition was assessed in the field using scour chains. They record the event-based maximum depth of scour and the net deposition (Laronne et al., 1994; Liebault and Laronne, 2008) . Scour chains were installed along the cross-sections, in proximity to coloured areas. The number of scour chains ranged from three to six, and from three to five per each cross-section in the Tagliamento and the Brenta Rivers, respectively. We searched for scour chains with a metal detector (detection range of about 0.2 m) at each visit. However, because this search was very time consuming, data are available for only the first three and two post-flood surveys in the Tagliamento and the Brenta Rivers, respectively, as the search was abandoned in the second half of the study period.
In order to quantify the depth of bed scour, or exchange depth of sediments d s , for the portions of the bed that experienced total transport (i.e. all surface grains are removed or fully covered by a layer of sediments), evidence provided by scour chains and post-flood cross-section resurveys was used. Scour chains worked well for assessing vertical erosion of surface sediments as they could be easily identified in the field around the GPS position as registered when installed in the field. In contrast, when the morphological units experienced aggradation greater than 0.2 m, the recovery of the scour chains was challenging even using a portable metal detector. For this reason, a comparison of topographical surveys pre-and postevents proved to be a good way of integrating the data. We excluded seven unreasonably high values of bed scour (i.e. > 1.5 m), most often linked to bank erosion due to lateral migration of the main or secondary channels, which was a relatively frequent case especially in the Tagliamento River.
Overall, 17 and 28 scour chain measurements of erosion/ sedimentation (i.e. exchange depths of sediments) were collected in the Tagliamento and the Brenta Rivers, respectively, and 83 and 72 vertical erosion/deposition thickness were derived from cross-section comparisons in the Tagliamento and the Brenta Rivers, respectively. Since the aim was to assess the thickness of exchange depth of sediments, erosion and deposition cases were treated as absolute values, thus always positive.
Estimate of shear stress and duration of competent flows In order to estimate the shear stress acting on the flooded painted areas, at each visit the maximum flow depth over each painted area was estimated from field evidence, such as lines of organic debris and fine sediments either on higher morphological units or on the rigid stems of herbaceous and shrubby plants. Shear stress was calculated through the depth-slope approach (Wilcock, 1993 ) τ = ρghS where ρ is the density of water, g is the acceleration due to gravity, h is the flow depth over the painted area at the peak of the hydrograph, and S is the local bed slope derived from a longitudinal profile 600-m long obtained from LiDAR (light detection and ranging) surveys available for the study reaches. The dimensionless shear stress (τ * ) was then calculated using the local median grain size (D 50 ) derived for each coloured area from the photographic analysis using Equation 5, in which ρ s is the density of sediments:
The virtual velocity of sediments is calculated by dividing their displacement length by the duration of the flow with dimensionless shear stress above thresholds identified in the field as significant for determining partial or full transport conditions. In order to assess the duration of the flow on each painted area, the hydrographs as measured at the gauging stations needed to be transposed to each cross-section. To do so, a regression between the flood peaks registered at the gauging stations and the maximum water stage reached on each cross-section was obtained ( Figure 6 ). The regressions obtained for each cross-sections were then used to calculate water stage over time on each cross-section for each flood event. The obtained regressions have R 2 of at least 0.91 (P < 0.001; standard error (SE) of the estimate =0.12 m) and 0.88 (P < 0.001; SE of the estimate =0.19 m) in the Tagliamento and Brenta Rivers, respectively.
Estimate of the extent of partial transport To quantify the extent of partial transport, 41 vertical photographs of the painted areas are available for the Tagliamento River, whereas only a few photographs are available for the Brenta River. The red-green-blue (RGB) photographs were cut as much as possible to the original size of the coloured area, and analysed with Adobe Photoshop (Version CS4) in order to count the number of coloured pixels. The fraction of coloured pixels could range from zero to one, corresponding to conditions ranging from complete immobility to full removal of all particles (Figure 7 ). The percentage of coloured particles is thus considered a proxy for the extent of partial transport at the local scale (i.e. Y = 1 -proportion of painted grains remaining in the coloured areas), which could be used to determine the factor Y of Equation 3.
Estimate of bed material transport using the virtual velocity approach Bed material transport (D > 4 mm) was calculated for each cross-section under study (three in the Tagliamento River and six in the Brenta River), for each flood event that occurred and was surveyed over the study period (June 2010-July 2011). The water stage on the study cross-sections during the selected floods was calculated by using hourly data provided by the gauging stations (Barzizza and Villuzza, for the Brenta and Tagliamento Rivers, respectively), and the relationships between water stage at the cross-sections and the data provided by the gauging stations as derived from the post-flood field surveys ( Figure 6 ). This allowed the calculation of the water stage, the shear stress, and the dimensionless shear stress on each 1 m-wide portion of the cross-sections for each one-hour time step of the explored floods. The dimensionless shear stress was calculated using Equation 5. As for the grain size used to calculate the dimensionless shear stress for each 1 m-wide portion of the cross-sections, because no significant relationship could be found between D 50 and morphological units or relative heights of the morphological units on the cross-sections, we used the same D 50 for each cross-section. The values of D 50 used in the calculations were 21.1, 23.9, and 22.1 mm for Cornino 1, 2, and 3 of the Tagliamento River, and 37, 35, and 31 mm for Nove, Friola, and Fontaniva reaches of the Brenta River. These were calculated as the averaged value of all D 50 derived from all the vertical photographs, taken before colouring the spray-painted areas, along the same crosssections.
The unit fractional sediment transport rate (q i , in kg m À1 s À1 , for D i > 4 mm) was calculated using Equation 2 on each 1 mwide portion of the cross-sections for each hourly value of discharge. The virtual velocity of grains of each i-fraction coarser than 4 mm was calculated as a function of the dimensionless shear stress acting on the bed, using empirical equations as V = f(τ * ) in the case of full transport (i.e. Equations 8 and 9 in the Results section, for the Tagliamento and Brenta Rivers, respectively) and empirical equations as V = f(τ * ; D i ) in the case of partial transport (i.e. Equations 12 and 13 in the Results section, for the Tagliamento and Brenta Rivers, respectively). The mass of sediments of the i-size entrained and transported from each 1 m-wide portion of the cross-sections (M i ) was calculated using Equations 3 or 4, depending upon whether partial or full transport conditions were identified, respectively. For applying Equation 3, Y i was calculated using the empirical dependence of Y on τ * as identified in the field (i.e. Equation 14 in the Results section). For conditions in which τ * is considered to produce full transport conditions, Equation 4, was applied, considering the empirical dependence of the thickness of active sediment layer on τ * using empirical equations as d s = f(τ * ) derived for both the Tagliamento and Brenta Rivers (i.e. Equations 6 and 7 in the Results section, for the Tagliamento and Brenta Rivers, respectively).
In order to compare the results obtained using the virtual velocity approach with commonly used bed material transport formulas, Meyer-Peter and Müller (1948) , as modified by Wong and Parker (2006) , and Wilcock and Crowe (2003) formulas were applied as well (for D i > 4 mm), using τ c * equal to 0.056 which is commonly quoted as the Shields number even if it could be strongly affected by local conditions of slope, roughness, and relative submergence among other factors (e.g. Buffington and Montgomery, 1997; Lamb et al., 2008) .
Results
Shear stress and morphological effects on painted areas
Of the 259 coloured areas in the Tagliamento River, 10% of them were too high to be reached by the flow, and 16% of the areas experienced no effects or only deposition of fine sediments over the gravel bed. In 36% and 38% of the coloured areas the effects were recognized as partial transport and full removal/gravel deposition, respectively. Due to the different geometry of cross-sections and range of floods that occurred during the study period, these percentages are different for each cross-section, but all classes of bed response are well represented. In the Brenta River, of the 277 coloured areas surveyed on six cross-sections, 20% and 26% of them experienced partial transport and full removal/gravel deposition, respectively. As expected, the higher the dimensionless shear stress acting on the bed (i.e. the shear stress experienced by a coloured area at the peak of a flood event), the greater the effects experienced by the painted areas in terms of gravel entrainment (Figure 8 ). Shear stress and the thickness of the active layer of sediments Figure 9 shows that the active layer thickness increases as dimensionless shear stress increases. The regressions obtained for the rivers under study (Equations 6 and 7 for the Tagliamento and Brenta Rivers, respectively) are the following:
The SE of the estimates is 0.24 m and 0.17 m for Equations 6 and 7, respectively. Data show a considerable scatter, as for a certain dimensionless shear stress, the observed thickness of the active layer can span at least one order of magnitude. Scour chains measured active layer thickness up to 0.15 m, whereas the comparison of cross-sections quantified vertical aggradation-incision up to 1 m for dimensionless shear stresses approaching 0.1. The ranges of values provided by crosssection comparisons and scour chains are comparable. Also, using the one-way analysis of covariance (ANCOVA) test, data from the Tagliamento and Brenta Rivers, were found to be significantly similar (F = 32.61; P > 0.01).
Shear stress and virtual velocity of sediments All coloured sediments found within 10 cm from the downstream end of the spray painted area were not considered, as sometimes their movements appeared to be due to rainfall splashing. Also, all coloured areas with less than 10 grains transported for distances shorter than 10 cm from the downstream end of the coloured area were discarded from the following analysis, as it proved difficult to obtain reliable grain size curves of transported sediments. Overall, 31 and 32 coloured areas featuring partial transport conditions were fully surveyed in the Tagliamento and Brenta Rivers, respectively. Since displacement lengths were measured from the centre of the spray painted areas, the minimum surveyed values are approximately 50 cm. Overall, 7465 and 6990 coloured grains were collected and measured in the Tagliamento and Brenta Rivers, respectively. Up to 713 and 1610 grains were surveyed from a single coloured area in the Tagliamento and Brenta Rivers, respectively. Coloured particles were found as far as 142.5 m and 104.0 m from the spray-painted areas in the case of the Tagliamento and Brenta Rivers, respectively. The mean displacement length of coloured particles (irrespective of their size) appears to be correlated with the dimensionless shear stress (R = 0.708), and values obtained from the two rivers are significantly similar (one-way ANCOVA test F = 30.19; P > 0.01) and follow the same trend (Figure 10) .
Values of displacement lengths were used to calculate the virtual velocity of marked particles. The displacement length was divided by the duration of the flow with dimensionless shear stress between the thresholds identified in the field as significant for determining partial transport conditions (i.e. 0.02 and 0.04). As first proposed by Hassan et al. (1992) , the velocity of particles is called virtual because it incorporates periods of both motion and rest, and it is thus very likely to underestimate the actual velocity of particles during flood events. The value of calculated virtual velocities ranges from 0.026 to 3.2 m h Also, the obtained values are reasonably comparable with those obtained by Haschenburger and Church (1998) 
Tracers that moved downstream from coloured areas ranged from 1.4 to 160 mm in size, but only sediments coarser than 4 mm were considered to derive the regressions. The mean displacement lengths of each half-phi grain sized class for each of the coloured areas that featured partial transport are plotted in Figure 11 . Despite the scattered pattern of mean displacement length of sediments of different sizes, partially due to the different number of particles for each class that moved and were recovered, systematic trends can be recognized on data collected on both rivers (Figure 11 ). Along with the expected increase of mean displacement length with the dimensionless shear stress, Figure 11 shows that displacement lengths tend to decrease with increasing grain size, at least at the highest shear stresses. At low shear stresses, only fine sediments moved for less than a few metres. Also, the displacement length tends to be insensitive to the size of these sediments. However, for higher shear stresses the coarser particles tend to be transported far less than finer fractions.
If dimensionless terms are used for scaling both grain size (using the median diameter D 50 ) and the displacement lengths (using the mean transport distance of the size equal to D 50 ), data collapsed quite well on previously reported trend (e.g. Church and , even if systematically displaced towards coarser grain sizes, likely due to the fact that the relationship of Church and Hassan (1992) was scaled using the subsurface rather than the surface D 50 as in the present study. The convex-up trend shown on Figure 12 confirms that the mean displacement length reduced rapidly for fractions coarser than the median size, whereas the displacement length of fractions finer than D 50 is more insensitive to grain size.
Size-dependent mean displacement lengths were used to calculate virtual velocity as a function of both the shear stress and the size of sediments for the case of partial transport. Here the virtual velocity has been calculated as the displacement length divided by the duration of the flow with dimensionless shear stress between 0.02 and 0.04 ( Figure 8 ). As previously suggested (e.g. Ferguson and Wathen, 1998; Milan, 2013) 
If virtual velocity is expressed as m h À1 , the empirical regressions obtained for the Tagliamento and Brenta Rivers (Equations 12 and 13, respectively), which have found to be significantly similar (one-way ANCOVA test F = 38.48; P > 0.01), are: 
Shear stress and the extent of partial transport Figure 13 shows that the fraction of mobilized sediments from the surface layer Y increases with the shear stress acting on the bed, and the best-fit regression among those tested reads as follows:
The equation is statistically significant at P < 0.01, its coefficient of determination is R 2 = 0.353, and the SE of the estimates is 0.19. The considerable scatter on the data shown on Figure 13 can be due to differences in grain size among the coloured areas, and to a range of field issues such as staining of the sediments, overturn of sediments due to wind or rain splash, or partial deposition of sand over the coloured areas, all of which are difficult to assess. Despite these potential sources of errors, Equation 14 provides an estimate of the proportion of the surface mobilized over the duration of over threshold flows, which would be otherwise very challenging to obtain in the field.
Bed material transport assessment using the virtual velocity approach
The local τ * was used in order to distinguish the portions of the cross-sections where partial or full transport occurred (Figure 8 ). The application of the virtual velocity method provided values of fractional transport rates as a function of τ * . It is interesting to note the rate of bed material transport and compare this with the transport rates provided by the traditional formulas. Figure 14 shows the transport rates obtained for the median grain size. As partial transport was found to begin at a shear stress of approximately 0.02, it appears that bed material load occurs as partial transport at values of under-threshold shear stress, for which the traditional formulas (that adopt 0.056 as threshold) do not account for sediment transport. Instead, at shear stresses higher than the Shields threshold, the rate at which transport rate increases with shear stress is lower than predicted using the traditional formulas.
When applied to the flood events that occurred during the study period, the virtual velocity method provides values that range depending on the magnitude and duration of floods, but also local D 50 and geometry of the cross-section. Figure 15 shows the volumetric estimate of bed sediment transport for the analysed floods. Volumes are presented along with the uncertainty due to the errors in estimates of virtual velocity, active thickness of sediments, and extent of partial transport. Here we assume that these errors are independent and that other potential sources of errors are negligible in comparison with these. Uncertainty associated to each variable is determined using the SEs. Because the variables are multiplied (see Equations 2, 3, and 4), the errors can be added in quadrature (i.e. errors are combined by squaring, adding, and then taking the square root), as done previously in other estimations of bed sediment transport (e.g. Haschenburger and Church, 1998) . The uncertainty in the estimation of volumes transported as partial transport is around 31.4% and 36.3% for the Brenta and Tagliamento Rivers, respectively, whereas the uncertainly in the estimation of volumes transported as full mobility is around 69.3% and 52.1% for the Brenta and Tagliamento Rivers, respectively. The higher uncertainly in the estimation of full transport is mainly due to the higher SEs associated with the virtual velocity. Overall, in the final calculated volumes, the uncertainty around the estimated values are around 38% and 43% for the Brenta and Tagliamento Rivers, respectively.
For the lowest flood that occurred on the Tagliamento River during the study period (28 May 2011), a total volume of 134 ± 51 m 3 of bed material transport has been calculated for the cross-section Cornino 1, of which approximately 70% was due to partial transport, and the rest as full transport ( Figure 16 ). As expected, the traditional formulas provide higher volumes of coarse sediment transport by an order of magnitude using Meyer-Peter and Müller (1948) (3157 m 3 ), and Wilcock and Crowe (2003) (3448 m 3 ) equations. Interestingly, if the highest flood is considered (1 November 2011), partial transport contributes with only 38% of the overall calculated transport of around 1378 ± 603 m 3 . The difference between rates calculated using the virtual velocity approach and the traditional formula increases at the highest shear stresses, total coarse sediment transport is overestimated by nearly two orders of magnitude using Meyer-Peter and Müller (1948) (Figure 15 ). These variations could reflect differences in local hydraulic conditions, but spatial variations in braided rivers have been commonly observed and may be also due to river morphodynamics (e.g. bar migration, channel switching) which causes a general tendency for fluxes to be filtered by sediment storage and release over a range of spatial and temporal scales (Ashmore, 2013) . Similar differences are evident for the Brenta River, on which calculated bed material load ranges from 115 ± 36 to 441 ± 138 m 3 for the lower flood (21 July 2010) in Friola 1 and Fontaniva 1 sections, respectively, and ranges from 299 ± 151 to 838 ± 347 m 3 in Nove 2 and Fontaniva 1 sections, respectively ( Figure 15 ).
Discussion
Morphological effects on painted areas
On the Tagliamento and Brenta Rivers, at dimensionless shear stress ranging from 0.02 to 0.04, the gravel bed is likely to experience partial transport, i.e. only a certain percentage of bed particles is entrained. At τ * higher than approximately 0.04 it is likely that all particles of the bed will be removed or buried, thus being the case of full transport, sensu Haschenburger and Wilcock (2003) . Full transport was observed for a very wide range of dimensionless shear stress (from 0.02 up to 0.14), probably due to dislodgement of all particles as earlier armour break-up even at low values of shear stress on the one hand (Vericat et al., 2006b) , and to very high resistance to particle dislodgment due to sediment clustering and imbrication on the other hand (Buffington and Montgomery, 1999) . Even if critical Shields stress for particle entrainment is generally considered to be around 0.056 (Shields, 1936) , recent works 
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highlight that the actual value strongly depends on the methods used for identifying it, along with the local conditions of slope, roughness and relative roughness (e.g. Buffington and Montgomery, 1997; Lamb et al., 2008) . Mueller et al. (2005) report reference Shields stress for bedload transport for lowgradient gravel-bed rivers ranging from 0.025 to 0.035, which approximates the range for partial transport identified in the present study. Dimensionless shear stress ranging from 0.04 to 0.05 was identified as a threshold for full transport in gravel-bed rivers also by Snyder et al. (2008) . Thresholds just slightly higher are reported by Lisle et al. (2000) for gravelbed rivers in California and Colorado, where the bed was stable for τ * < 0.03 and experienced partial transport for 0.03 < τ * < 0.06, and full transport for τ * > 0.06. However, Lisle et al. (2000) study was based on a comparison between local boundary shear stress as predicted by a numerical model and the measured median surface particle size at bankfull discharge.
The range of shear stress responsible for partial and full transport is very similar between the Tagliamento River and the Brenta River. This is partially due to the fact that the same criterion was used to identify the entrainment classes in the field, but it is remarkable considering that the shear stress was calculated using the local D 50 and that a wide range of grain sizes, slopes, and water depths were used.
Regarding the thickness of the active layer of sediments, the data collected in the field are widely scattered (Figure 9 ). This is not surprising, as the thickness of the active layer strongly depends on the local hydraulic conditions, grain size, hiding/protrusion effects, armour ratio, and presence of immobile grains (e.g. Wilcock and McArdell, 1997; Wilcock, 1997; DeVries, 2002; Houbrechts et al., 2012) along with even more challenging parameters to consider, such as the particular sequence of flood events (Haschenburger, 2011) . However, data superimpose relatively well with other field evidence obtained by DeVries (2002) in a wide variety of gravel-bed rivers. Also, the empirical regression between shear stress and the thickness of active layer obtained by Wilcock and McArdell (1997) in a series of flume runs using a bimodal grain size distribution, plots within the range of observed values. Both DeVries (2002) and Wilcock and McArdell (1997) suggested relating the local dimensionless shear stress to the scaled fractional exchange depth (d x /D 90 or d x /D 50 ). However, this did not improve our regressions, suggesting that other factors are likely more relevant than the local grain size distribution in determining the thickness of the active layer. For example, local hydraulics conditions (Lawless and Robert, 2001 ), grain imbrication (Qin et al., 2012) , grain clusters (Wittenberg and Newson, 2005) , and sediment clogging due to fine sediments (Schälchli, 1992) could influence the entrainment of surface grains.
Virtual velocity of sediments
Tracers showed that the displacement length tends to be insensitive to the size of sediments at low shear stresses, but that displacement length decreases with increasing grain size at the highest shear stresses. This suggests that sediment mobility in the Tagliamento and Brenta Rivers follow a dynamics of equal-mobility transport condition for the finer fractions and size-selectivity transport for the coarsest sediments. This agrees with similar field studies (e.g. Ferguson and Wathen, 1998; Marion and Weirich, 2003; Mao and Lenzi, 2007; Mao and Surian, 2010) . Flume observations made by Wilcock (1997) further reported displacement lengths independent of grain size for fine, mobile sizes, and decreasing displacement length for larger fractions.
In the Tagliamento and Brenta Rivers, the virtual velocity of coloured particles is a function of their size, the median grain size of the area in which they are lying, and the driving force for entrainment and transport, expressed in terms of shear stress. The relatively low coefficients of determination for Equations 12 and 13 could be due to errors and uncertainties related to variables measured in the field, and to the lack of representation of other physical controls over the entrainment phenomena. Also, methodological issues could be related to the use of the Digital Gravelometer (Graham et al., 2005 (Graham et al., , 2010 to quantify the local D 50 , even if Mao and Surian (2010) used it successfully in the Tagliamento River, observing errors to be around 10% for the D 50 . Even if comparisons of manual and photograph-derived area-by-number samples have previously proved that the software can be an effective way of quantify the local grain size (e.g. Graham et al., 2005 Graham et al., , 2010 Chinello, 2006) , issues remain on errors related to partial burial or imbrication of the coarsest grains, effects due to sand covering gravel particles, or the effects of the speckled nature of the coarsest particles, which can lead to over-fragmentation during the automatic photograph analysis. Apart from issues related to the field methods, questions arises on the effectiveness of using only the D i /D 50 factor for expressing the hiding and protrusion effects, and to the fact that surface roughness, imbrication, and orientation at the grain and cluster scales, are not considered. Terrestrial laser scanners have already proved able to quantify grain size, roughness, and complexity (e.g. Hodge et al., 2009; Picco et al., 2013; Baewert et al., 2013) , and could represent a valid alternative for characterizing the local controls on sediment entrainment and transport. Despite all the biases and limits recognized, Equations 12 and 13 are likely to represent the best way of expressing the dependence of virtual velocity on shear stress and grain size in the two study sites.
The extent of partial transport
Along with the observation that the traditional formulas provide higher volumes of coarse sediment transport if compared with the virtual velocity method, it seems worth stressing here the role that partial transport appears to play during events of different magnitude. Because the cross-sections of the Tagliamento and Brenta Rivers are very wide, during ordinary events the channel bed is likely to be flooded with shallow water depths over bars and secondary channels. This generates low shear stresses that lead to partial transport conditions for relatively long periods and over large areas. For this reason, partial transport is particularly important during low magnitude events. The relative contribution of partial to the total sediment transport decreases with the magnitude of the flood peak (Figure 16 ). Partial transport represents around 50-70% of the total bed material load for a flood of approximately a third of bankfull event in the Tagliamento River, and this relative contribution decreases to 20-30% for a near-bankfull event. Because the use of the flood peak could be misleading in evaluating the magnitude of a flood, the effective runoff of the events has been calculated (see Table I ), and this progressive decrease of partial transport contribution to total coarse material load appears to be confirmed. This corroborates the earlier observation of Haschenburger and Wilcock (2003) that, even if unable to assess the contribution of partial transport to the overall transport volume, it was evident that the percentage of bed in a state of partial mobility decreased from 60% to 25-50% under floods of half-bankfull to bankfull conditions, respectively. The differences in relative importance of partial transport between the three cross-sections of the Tagliamento River (Figure 16 ) are likely due to their geometry. In fact, Cornino 1 features a large island on its left side (see Figure 2 ) that reduces the overall width/depth ratio, leading to higher shear stresses than Cornino 3, which features a wider and shallower main channel as well. Evidence provided by coarse sediment load calculations on the Brenta River is comparable with what observed in the Tagliamento River. The relative importance of partial transport is lower in the Nove reach, which is relatively narrow (mainly due to artificial rip-raps and longitudinal defences, Moretto et al., 2014) , but dominates, especially during low-magnitude events in the cross-sections of the Friola reach, which are much wider.
Annual sediment yield in the Tagliamento and Brenta Rivers
The virtual velocity approach was also used to calculate the annual bed material yield in the Tagliamento and the Brenta Rivers. Calculations were performed using the daily averaged values of water stage measured in 2010 (a year with a high number of formative events, see Surian et al., 2015) at Villuzza and Barzizza, respectively. In the Tagliamento River, the sediment yield ranges from 80 ± 30 × 10 3 m 3 yr. À1 calculated at Cornino 1, of which 10% is partial transport, to 155 ± 60 × 10 3 m 3 yr. À1 calculated at Cornino 3, of which 17% is partial transport. Likewise, in the Brenta River, the sediment yield ranges from 11 ± 4 to 32 ± 13 × 10 3 m 3 yr.
À1 if calculated at Friola 1 and Fontaniva 1, of which 12% is partial transport. Bedload formulas would thus provide higher estimate of sediment yield by more than an order of magnitude in both the Tagliamento and Brenta Rivers.
Previous estimates of sediment yield in the Tagliamento River were obtained using a reduced-complexity numerical model (CAESAR), and provided mean volumes of 60 × 10 3 m 3 yr. (Ziliani et al., 2013) , thus comparable with the value calculated using the virtual velocity approach (i.e. from 80 to 150 × 10 3 m 3 yr. À1 ). For the Brenta River, Surian and Cisotto (2007) estimated sediment yield from 10 × 10 3 m 3 yr. À1 up to 70 × 10 3 m 3 yr. À1 by using a morphological method based on the assessment of erosion and deposition volumes for the period 1984-1997. Again, these values are of the same order of magnitude of those calculated in this study.
Overall, the coarse sediment yields obtained in the present study are comparable with estimates on wide gravel-bed rivers obtained through morphological methods. For example, for the Waimakariri River (New Zealand), which is quite comparable with the Tagliamento River in terms of basin area, slope, grain size and width, Carson and Griffiths (1989) used morphological changes measured at the Crossbank reach to estimate annual bed material load, quantified as being around 154 × 10 3 m 3 yr. À1 . A similar bed material load was obtained through numerical modelling by Nicholas (2000) , who was also able to highlight the importance of relatively low discharges in the annual sediment transport in braided rivers. Similar volumes were obtained in other gravel bed rivers using morphological methods. For example, Ham and Church (2000) reported 5-55 × 10 3 m 3 yr. À1 , for the Chilliwack River, gravel bed river draining a 1230 km 2 basin in which they estimated bed material transport rates using a sediment budget approach in a 49 km-long reach of the Chilliwack River, downstream of a lake, which was considered to block sediment transfers from upstream reaches. However, only the lower portion of the study reach was braided and comparable with our study rivers (slope = 0.006 m m À1 , D 50 = 32 mm), and the approach is not directly applicable in the Tagliamento and Brenta Rivers, because of the lack of natural (lakes) or anthropogenic (reservoirs) discontinuities that can be assumed to trap the whole amount of sediments transported from upstream reaches. Another application of the morphological method for the estimation of bedload in a large gravel bed river is the study of Martin and Church (1995) who calculated 27-157 × 10 3 m 3 yr. À1 for the Vedder River. The Vedder River in their study section drains 1230 km 2 and the flood regime is comparable to that featured by the Tagliamento and Brenta Rivers, with high flows in autumn and winter, and snowmelt floods in spring. Again, the calculated bed material transport volumes are relatively comparable with that obtained in the present study for the Tagliamento and Brenta Rivers, but the study was conducted in a long segment, where morphology ranges from being cobble-bed and confined to gravel-bed and 700 m in a wide braided reach. Also, the estimation of bed material transport is based on a sediment budget approach assessed by analysing the changes in area for 49 cross-sections, assuming zero transport rate in a certain cross-section. However, it is interesting to report that in a following study Martin (2003) applied the Bagnold and Meyer-Peter and Müller formulas on the same reach, showing that the formulae tended to underpredict gravel transport rates, probably due to dredging activities that might have loosened the bed structure.
Limitations, further improvements, and potentials of the method
The virtual velocity method proved to be a relatively inexpensive way to provide valuable insights on sediment mobility and reasonable estimates of bed material yield for wide gravel-bed rivers, on which direct sampling during floods would be unfeasible. However, comparisons are usually done with volumes obtained using morphological methods, which provide reasonably robust estimates of the time-and spaceaveraged sediment yield (Ashmore and Church, 1998; Hicks and Gomez, 2003) , but are based on many assumptions, the most important of which is that the sediment transport should be known at a given cross-section (McLean and Church, 1999; Surian and Cisotto, 2007) .
The virtual velocity method provides local evidence of sediment mobility and allows estimation of bed material yield, but it appears hampered by some limitations. First, the method proved to be relatively time-consuming for field surveys, as one-day/two-person survey was generally needed for postevent topographical surveys and post-event collection and measurements of transported sediments on each cross-section. In addition, the empirical relationships between shear stress and the thickness of the active layer, virtual velocity, and extent of partial transport proved to be relatively weak. This adds uncertainty to the final estimation of coarse sediment yield, which has been estimated around 40%. However, errors in bedload predictions could be comparable if one would attempt to calculate bedload at the cross-section scale based on a few bedload samplings, and bedload predictions using formulas are known to range within one or more order of magnitude from observed rates (e.g. Barry et al., 2004) .
Another limitation of the approach is that sediments finer than 4 mm have not been considered in the calculations. Even if fine gravel and sand can represent an important component of sediment yield in gravel-bed rivers (e.g. Grams and Wilcock, 2015) they are usually not measured in gravel-bed rivers. For example Bunte's type bedload traps are used to collect particles larger than 4 mm in size (e.g. Bunte et al., 2008) . Using geophones and similar surrogate bedload monitoring devices, the minimum particle size detectable for impact counts is not finer than 10 mm (e.g. Rickenmann et al., 2014) .
In the theoretical framework provided by Wilcock (1997) , the extent of partial transport Y was in fact Y i , because it was defined as the proportion of grains of fraction i entrained from the surface. In the present study, we could assess only the percentage of bed surface that remained immobile, considering it as a proxy for the degree of partial transport. In future field studies, it could be possible to quantify the relationship between Y i and flow strength, by comparing the number of clasts recovered and the number of clasts of the same size painted in each area. This could be done when more advanced photographic methods for identifying single grains in a bed surface automatically would be available and fully operative (e.g. Bianconi et al., 2015) . However, it is not clear how using Y i rather than Y could improve substantially the accuracy of sediment yield. Furthermore, a study of this kind could be accomplished only using a large number of individual tracers deployed in many portions of the cross-section, and taking care of emplace tracers in the bed mimicking the natural surface arrangement of sediments. Also, the weakness of Equation 14, suggests that a considerable number of field data should be necessary to derive a reliable relationship between shear stress and Y i . Part of the issue related with our approach to assess Y is that sediments covering immobile coloured sediments could provide misleading evidence of partial transport (see for instance Figure 5a ). Also, sediments finer than 4 mm, which corresponds to the lower truncation of grain size distribution curves derived from the photographs, were coloured in the sampling areas, but are not considered in the calculation of bed material load. However, the percentage of fine sediments (< 4 mm) in the surface was always low, as areas to be coloured were selected avoiding portion of bars with significant presence of sand.
In the present study we could survey over a wide range of shear stresses and flood magnitudes in both the Tagliamento and Brenta Rivers, as the maximum recurrence interval of flood events was of 2.2 and 10 years, respectively. It is unlikely that higher-magnitude floods could have been explored, due to the probable disappearance of tracers from the maximum displacement length available for tracers, which depends on the length of bars. Also, with more severe floods, more channel avulsion would have occurred, which would have hampered the application of the virtual velocity method, as this cannot account for mass movements such as bank erosion and bar migration.
In calculating bed material transport using the virtual velocity approach, we have used cross-section averaged values of grain size. Future improvements should consider using local grain size as derived from photographic methods. These photographs should be taken after each explored flood event, on a wide range of featured morphological units, elevations relative to the main channel, and dominant grain size. Also, a terrestrial laser scanner could be used to assess local roughness and grain size in a non-destructive manner (e.g. Hodge et al., 2009) , as also demonstrated in the Tagliamento River (e.g. Picco et al., 2013) .
Although painting particles proved inexpensive and allowed for following the movements of a high number of potential tracers at a considerable amount of sites along the crosssections, it is worth pointing out that recent improvements in the use of passive integrated transponders (PITs; Bradley and Tucker, 2012; Chapuis et al., 2014) and motion-sensing radio tags (May and Pryor, 2014) could prove useful for tracking tracers over longer distances without having to pick them up. Besides, transponders permit the identification of buried particles. Although PIT tags have been mainly used in small and narrow channels, some experience on wide gravel bed-rivers has already been gained (e.g. Houbrechts et al., 2012; Chapuis et al., 2015) and in the Tagliamento River have preliminary proven to be a valuable alternative or complementary approach to coloured particles. Still, special care should be used in deploying PIT tags, as one should avoid disturbing the surface sediments, and should also replace local grains of the same size in order to maintain clusters and local conditions of imbrication. Also, it should be stressed that the coloured area approach that we used in this study allowed to assess mobility of particles as fine as 4 mm, whereas PIT tags used in the field are generally installed in particles coarser than 20 mm.
For future applications of this method, we would suggest the use of local water stage sensors, in order to avoid the delicate process of developing an empirical relationship between local water stage and data collected at a nearby gauging station, thus estimating more precisely the shear stresses and the duration of above-threshold flows.
Even if the application required a considerable amount of field surveys, it is envisaged that only a few field observations at low flow could help calibrating available empirical formulas of virtual velocity (e.g. Milan, 2013) and thickness of active sediments (e.g. Houbrechts et al., 2012) in order to provide a better combination of accuracy and effort in sediment load assessment. As to the assessment of the sources and propagation of errors, the approach used in this paper could be further improved by applying a more sophisticated approach such as the Bayesian method, successfully tested by Schmelter et al. (2011 Schmelter et al. ( , 2012 .
Conclusions
This work represents the first attempt to use the virtual velocity approach to assess sediment mobility and bed material transport in wide and complex gravel-bed rivers. The field method involved the use of spray-painted areas, scour chains on various portions of several cross-sections, and resurveys of crosssections after significant flood events. Field data enabled empirical ranges of dimensionless shear stresses at which partial and full transport occurred, and then relationships between dimensionless shear stress and thickness of active sediments, extent of partial transport, and virtual velocity under partial and full transport conditions. The mean displacement length of particle, the thickness of the active layer and the extent of partial transport are well correlated with dimensionless shear stress. Robust relationships were also defined between dimensionless virtual velocity and both dimensionless grain size and shear stress.
The virtual velocity approach was used to calculate bed material transport for a wide range of flood magnitudes. Annual bed material load was calculated up to 150 and 30 × 10 3 m 3 yr. À1 for the Tagliamento and Brenta Rivers, respectively. The outcomes of this work highlight the relevance of partial transport condition, as it can represent more than 70% of the total coarse sediment transported by lowmagnitude floods, and up to 40% for near-bankfull events. Also, results show that, as expected, sediment transport tends to be overestimated by traditional formulas.
Considering that either direct samplings or indirect surrogate methods are not feasible in wide gravel-bed rivers, this first application of the virtual velocity approach in such rivers is promising, as it proved to be a useful method to estimate sediment mobility and load transport during floods. The method is believed to perform particularly well during ordinary low-magnitude flood events, when major morphological changes such as channel migrations are less likely to occur.
